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Abstract 
Residual CO2 trapping (Sgr-CO2) is a key mechanism for geological CO2 storage. The CO2CRC undertook a 
sequence of field tests with the aim of comparing different ways of determining Sgr-CO2 including a dissolution test. 
Dissolution test results show an unexpectedly early breakthrough and low maximum CO2 concentrations in the back-
produced water making the data inconclusive when using traditional data interpretation. Here, we consider two 
conditions to explain the observations: Firstly, residual CO2 is vertically unevenly distributed and, secondly, the fluid 
and residual CO2 are not in equilibrium. Furthermore, we postulate localised flow channels have formed during the 3-
month test period caused by advective flow of CO2-saturated, low pH water leading to transport-controlled mineral 
dissolution.  
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1. Introduction 
Capture and geological storage of CO2 from major industrial sources is seen as one important measure 
to mitigate the global increase in atmospheric CO2 and associated climate change. For the purpose of 
geological storage site selection and the assessment of short- to long-term storage security, it is important 
to quantify the trapping mechanisms for CO2 in the storage reservoir. Four principal trapping mechanisms 
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have been identified [1]: structural trapping, residual trapping, dissolution trapping and mineral trapping. 
Residual trapping is the immobilisation of supercritical CO2 by capillary forces or by the enclosure in 
pores preventing further CO2 migration by buoyancy or in response to a pressure gradient. Residual 
trapping is considered one of the key trapping mechanisms for geological CO2 storage and is of particular 
importance in formations without proven structural closure. It is quantified by determining the residual 
gas saturation (Sgr-CO2), which has been achieved on cores in laboratory experiments [2], but not at field 
scale using single well tests.  This circumstance introduces uncertainty in the prediction of the nature and 
capacity of CO2 storage and would benefit from the development of single-well test procedures. 
The Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC) commissioned the 
drilling and completion of a dedicated well (CRC-2) with perforations in the Paaratte Formation of the 
Otway Basin, Australia, with the aim to develop and compare six methods to determine Sgr-CO2 in the 
field. The rationale for the design of the field experiment is given by Zhang et al. [3] and an overview of 
the experiment’s execution is provided by Paterson et al. [4]. The dissolution test is one of these six 
methods applied during a test sequence, which was carried out from June to September 2011. 
2. Reservoir conditions 
The target reservoir is located within the Paaratte Formation, which is an interbedded sandstone and 
mudstone sequence deposited in multiple progradations of delta lobes during the Campanian. The CRC-2 
well is located at the CO2CRC demonstration site near Port Campbell, Victoria, and the well perforation 
is within the Paaratte Formation at a depth between 1392 and 1399 m TVDSS (true vertical depth below 
sea level). The in situ temperature is 59qC and the hydrostatic pressure is 14.2 MPa. The average 
permeability is 2.1 darcies and the average porosity is 28% [4]. The total dissolved solid concentration 
(TDS) of the formation water is very low at approximately 900 mg/L during initial water production. The 
lithology of the perforated interval is a quartz-dominated sandstone with 44 wt% quartz, moderate 
amounts of kaolinite and mica (each 11 wt%), and minor amounts of chlorite (6 wt%), K-feldspar (5 
wt%), pyrite and rutile (3 wt% each) and 18 wt% of unidentified amorphous phase. Above and below the 
perforated interval, the sediment is highly cemented by carbonate minerals (25 – 28 wt% dolomite, 7 – 8 
wt% ankerite).    
3. Methods 
3.1. Field test conditions 
The dissolution test was carried out at the end of a 3-month test sequence comparing six methods for 
the determination of Sgr-CO2. Starting on 17 June 2011, 510 tonnes of water was initially produced and 
stored at the surface (Phase 1), for use in later water injections. Several baseline characterisation tests 
were conducted following the initial water production (Phase 2). Residual CO2 gas was formed by 
injecting 150 tonnes of CO2 at a rate of 37.5 tonnes per day followed by the concurrent injection of 454 
tonnes of water and 26.2 tonnes of CO2 over three days. Water and CO2 were mixed in the well using a 
gas mandrel at a depth of 798 m TVDSS (Phase 3). A series of characterisation tests in the presence of 
residual CO2 were carried out including the injection and back-production of the noble gas tracers krypton 
and xenon dissolved in CO2 saturated water (Phase 4). Finally, the dissolution test was carried out by 
injecting 75 tonnes of water over half a day, immediately followed by the back-production of 119 tonnes 
over 2.5 days (Phase 5). Details of the residual gas saturation test sequence are given by Paterson et al. 
[4]. 
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The procedure of the applied dissolution test is based on the Bragg et al. method [5], which was 
developed to determine residual methane saturation. As the injection water has a very low CO2 
concentration (0.01 mol/L) it dissolves residual CO2 progressively outward from the well during 
injection. The dissolved CO2 concentration in the injected water rises in the reservoir to its maximum 
concentration equivalent to the CO2 saturation concentration (1.05 mol/L) under the given pressure, 
temperature and total dissolved solid concentration conditions (Fig. 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Conceptual representation of the dissolution test. Three zones can be distinguished: Zone A refers to the 
zone of water with no CO2, Zone B is the active dissolution zone and Zone C is the remaining reservoir with residual 
CO2 and CO2 saturated water.  
3.2. Sampling and analytical methods 
Formation water and its dissolved gas were sampled using the U-tube system, which allows collection 
of a) a fluid sample under reservoir pressure and b) a gas sample derived from the exsolved gas at reduced 
pressure (6.2 MPa). U-tube samples were taken continuously approximately every 1.5 hours during the 
62.5 hours of water production period leading to the collection of 40 samples.  
Fluid samples were collected in two 150 ml stainless steel cylinders at reservoir pressure. One sample 
cylinder was used for the analysis of the dissolved inorganic carbon (DIC, DIC = ȈCO2, HCO3-, CO32-) 
concentration. The other sample cylinder was used for analysis of general water properties (temperature, 
pH, total dissolved solid concentration, alkalinity) analysed on site and subsamples were taken for further 
analysis at Geoscience Australia’s laboratories. NaOH was mixed with the formation water for DIC 
analysis in a closed system to avoid CO2 escape from the fluid during depressurisation. DIC was analysed 
on site using an AS-C3 model DIC analyser by Apollo SciTech, which includes an infrared-based CO2 
detector (LiCor 7000).  
Methanol was added at a concentration of ~0.1wt% during the injection phase of the dissolution test to 
act as a conservative tracer. Methanol was analysed by gas chromatography with on-column injection, 
helium as a carrier gas and a methanizer-flame ionization detector.  
Gas samples were collected in Isotubes® and gas bags and analysed on site. The molecular 
composition of CO2, N2, O2 and C1 – C5 wet gas components were analysed on an SRI Multiple Gas 
Analyzer using helium as carrier gas. CO2 is detected by the FID after being converted to CH4 in the 
methanizer. A second SRI Multiple Gas Analyzer with helium as carrier gas, a customised column 
configuration and a pulsed discharge- helium ionisation detector was used for Kr and Xe detection. In situ 
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dissolved CO2 concentrations were calculated from CO2 concentrations in exsolved gas samples using a 
calibration derived at the test site. Further details of the gas analysis can be found in Boreham et al. [6]. 
3.3. Modelling 
The two-dimensional distribution of Sgr-CO2 for a full-field model before and after the dissolution test 
was modelled in TOUGH2 using the downhole pressure data and the surface measurements for the rates 
of injection and production of water and CO2 (Figure 2). 
To study the details of the dissolution test in isolation from the rest of the residual tests, simple radial 
models were constructed for dissolution. Forward modeling included the injection and back-production of 
water with the non-reactive methanol tracer. Fluid injection and production rates were the average rate 
obtained in the field, and the length of injection was also based on field data [4]. 
Initially, the seven meter perforated reservoir interval was treated as one homogenous layer with 21% 
residual gas saturation and equilibrium between the fluid and residual CO2 was assumed. (Figure 5 a and 
b).  The computer code TOUGH2 [7] was used for simulations of the homogenous reservoir with 
equilibrium between fluid and residual CO2. 
Secondly, the targeted reservoir interval was split into three horizontal layers. The top and bottom 
layers have a residual gas saturation of 21%, whereas the intermediate layer has no residual gas 
saturation. The code UTCHEM [8] was validated against the TOUGH2 equilibrium results before it was 
used for the multilayer, non-equilibrium simulations. Disequilibrium is modeled in UTCHEM using the 
Sherwood number.  The following fitting parameters were chosen: ß0 = 10, ß1 = 0.33, ß2 = 0.67, ß3 = 0.42, 
based on packed spherical bead experiments on groundwater contaminants [9]. A vertical to horizontal 
permeability ratio of 1:10 was used.  In the UTCHEM results gravity had no discernible influence on the 
results; therefore, the layering impacted only the overall maximum CO2 production, but not the shape of 
the breakthrough curve.  
4. Results 
The radial simulation of the Sgr-CO2 distribution at the beginning and the end of the dissolution test is 
shown in Figure 2. The Sgr-CO2 plume has its maximum extent at the top of the reservoir driven by the 
buoyancy of supercritical CO2. At the beginning of the dissolution test a maximum of 26% Sgr-CO2 is 
reached in the top metre of the reservoir extending approximately 2 metres outward from the well. Only 2 
metres below, Sgr-CO2 drops to 16%. After the dissolution test, a 2-metre zone devoid in residual CO2 
has developed adjacent to the well reflecting the effective dissolution of CO2 during the test. In the top 
metre of the reservoir, however, the CO2-devoid zone is less than 50 centimetres.  
The rise in dissolved inorganic carbon (DIC) concentration in fluid and exsolved gas samples occurs 
approximately between 7.5 and 25 tonnes of produced water. After 25 tonnes, the two independently 
measured concentrations reach a plateau with their maximum concentrations (Fig. 3a). The maximum 
DIC concentration derived from fluid samples varies approximately between 0.3 and 0.4 mol/L, and the 
maximum DIC concentration derived from exsolved gas samples is consistently close to 0.7 mol/L. These 
concentrations are significantly below the expected CO2 saturation concentration of 1.05 mol/L. The 
noble gas concentrations krypton (Kr) and xenon (Xe) in exsolved gas samples rise simultaneously with 
DIC reaching their maximum concentrations at 20 tonnes of produced water before they decline 
exponentially (Fig. 3b). 
 
 R.R. Haese et al. /  Energy Procedia  37 ( 2013 )  5379 – 5386 5383
Figure 2: Modelled two dimensional distribution of residual gas saturation before (a) and after (b) the dissolution test. 
R is the radius from the well outward. Note, the CO2-devoid zone adjacent to the well after the dissolution test (b) 
shows the effective dissolution of CO2 during the test.  
 
Figure 3: (a) Dissolved inorganic carbon (DIC) concentrations measured in fluid samples and calculated from 
exsolved gas concentrations and (b) krypton (Kr) and xenon (Xe) concentrations in exsolved gas samples.  
[ppm] refers to a volumetric gas concentration. 
 
The concentration of the non-reactive tracer methanol stays at the injection concentration of 1200 
mg/L from 0 to 35 tonnes of produced water before gradually declining towards zero (Fig. 4a). The 
average total dissolved solid (TDS) concentration during the initial water production of the test sequence 
was 906 mg/L (Phase 1), 1011 mg/L during the baseline characterisation test (Phase 2), 1161 mg/L during 
the residual CO2 characterisation test (Phase 4) and 1324 mg/L during the dissolution test at the end of the 
experiment (Phase 5) (Fig. 4b). 
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Figure 4: (a) Methanol concentrations during the dissolution test and (b) total dissolved solid concentrations (TDS) 
during different test phases. Horizontal bars represent means, upper and lower boundaries of boxes represent upper 
and lower quartiles, respectively, and upper and lower caps represent maximum and minimum values, respectively. 
 
The simplified radial model simulations show a significant dependence of the CO2 breakthrough on 
Sgr-CO2 with the earliest breakthrough at high (e.g. 40%) and late breakthrough at low (e.g. 5%) Sgr-CO2 
values (Fig. 5a). In contrast, the methanol tracer concentration declines between 40 and 80 tonnes of 
produced water with little dependency on the residual gas saturation, as expected (Fig. 5b). The difference 
in CO2 and methanol behaviour results from the accumulation of CO2 as a function of residual gas 
concentration forming a plume front preceding the plume tail of methanol. 
 
Figure 5: Modelling results for dissolved inorganic carbon and methanol concentrations assuming fluid – residual 
CO2 equilibrium in a single-layer, homogenous reservoir (a and b) and assuming disequilibrium in a three-layer 
reservoir (c and d). In panels a and b, the short-stippled line, the long-stippled line and the full line represent 5, 20 
and 40% residual CO2. In panel c and d, dots represent measured data. 
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5. Discussion
An early and concurrent breakthrough of CO2 in the back-produced water resulting from the 
dissolution of residual CO2 is observed in the measurements of DIC in fluid samples and derived from 
exsolved gas samples. The early CO2 breakthrough is further confirmed by the concurrent rise in Kr and 
Xe concentrations, which must be mobilised from residual CO2 enriched in these noble gases during a 
previous experiment sequence (Phase 4). Based on 1D single layer simulations, such an early 
breakthrough in CO2 suggests a residual CO2 abundance of approximately 40%. This estimate is, 
however, unrealistic when compared to the pulsed neutron reservoir saturation tool (RST) logs and radial 
simulations based on pressure data with Sgr-CO2 values in the range of 23 to 18 and 26 to 10%, 
respectively. It is further noted the maximum DIC concentrations as measured in fluid samples and 
derived from exsolved gas samples are distinctively below the expected saturation concentration of 1.05 
mol/L. Some CO2 loss from fluid samples could have been caused by degassing during the opening of the 
stainless steel cylinders, yet, this artifact was attempted to be prevented by the addition of NaOH. The 
integrity of DIC concentrations derived from exsolved gas samples appears good given the consistent 
trend and little scatter in the data.  
The observed decline in methanol concentration over time is more gradual in the experimental data 
compared to simulation results. This gradual decline suggests a larger effective dispersion than expected, 
which may result from averaging across a heterogeneous vertical section in 1D simulation [10].  
The above observations and the full-project simulation results (Fig. 2) suggest a vertically variable 
distribution of residual CO2 and guided fluid flow simulations in a heterogeneous reservoir. Simulations 
of water injection into and back-production from the simplified multi-layer reservoir with variable 
residual CO2 concentrations provide an explanation for maximum observed CO2 concentrations below 
saturation, however, layering does not impact the breakthrough time of the CO2 in the simulations. A 
model considering disequilibrium between residual CO2 and water at the reservoir simulation scale results 
in a slow dissolution rate and more gradual rise in the CO2 concentration (Fig. 5c). Such a disequilibrium 
could be, for example, caused by a small surface area to volume ratio of residual CO2. As an analogy, the 
volume of residual oil clusters can vary over four orders of magnitude with a maximum volume above 1 
mm3 [11]. However, given the lack of experimental data on CO2 dissolution rates in heterogeneous 
porous media, we do not know how likely it is that this mechanism impacted the field test. Despite the 
various model assumptions, the long asymptotic decrease in the methanol profile cannot be reproduced.  
In addition to vertically variable residual CO2 abundance, an increase in vertical reservoir 
heterogeneity may be caused by the imposed fluid advection during injection and back-production of 
CO2-saturated water with a low pH. Reactive infiltration instability occurs when a fluid passes through a 
porous media with permeability heterogeneity at pore scale resulting in the formation of localised flow 
channels with high, transport-controlled mineral dissolution rates [12]. The flow channels, also referred to 
fingers or wormholes, propagate into the host rock more rapidly than a reactive front in a homogeneous 
media and are characterised by increased porosity and permeability due to mineral dissolution. Slower, 
surface-controlled dissolution rates are expected in periods between well operations. Net mineral 
dissolution throughout the test sequence is evident from the total dissolved solid concentration increase 
from an average of 900 to above 1300 mg/L. Based on preliminary water composition data and aqueous 
speciation modelling, CO2 saturation leads to a drop in pH from 7.7 to 4.2 and to significant 
undersaturation in chlorite, K-feldspar, calcite and dolomite (data not shown) contained in the reservoir 
rock. In addition, pyrite could have dissolved due to the exposure to oxic injection water. 
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6. Conclusions 
 While more detailed studies on mineral dissolution are outstanding, the presented data and theoretical 
considerations suggest an increase in reservoir heterogeneity caused mineral dissolution during the test 
sequence under CO2 saturated conditions. Heterogeneity in the distribution of residual CO2 and a 
potential disequilibrium between fluid and residual CO2 at the reservoir scale currently do not allow for a 
consistent determination of in situ Sgr-CO2 using the dissolution test data.     
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